Synthetic cationic polyelectrolytes (CPEs) serve as coagulation and flocculation agents in wastewater treatment due to a synergy of inherent electrostatic interactions and hydrophilic properties. In wastewater treatment, CPEs act as coagulation and flocculation agents to aggregate impurities and enable water purification. New health and environmental-related regulations provide motivation for government agencies and industrial companies to reuse wastewater. Chemical structure, molecular weight, charge density and functionality of CPEs provide tailorability for specific purification needs. Cationic polyacrylamides, ammonium-based polymers, poly(allyldimethyl-ammonium chloride) and epichlorohydrin/dimethylamine-based polymers are the most common CPEs used as coagulation and flocculation agents because they are economical and water soluble with tunable charge densities at high molecular weights. Free radical polymerization, step-growth polymerization and post-polymerization modification methods afford each polymer system. This review highlights recent advancements in synthetic methods to yield CPEs, structure−property relationships as related to flocculation efficiency and a summary of their toxicity and environmental impact.
INTRODUCTION
In this review, we elaborate recent advances in cationic polyelectrolyte (CPE) synthetic methods used for several types of water treatment and characterization techniques of both CPEs and aggregated impurities. CPEs effectively coagulate and flocculate impurities in wastewater from human usage and mining, papermill, textile and farming industries. They also exhibit anti-fouling and anti-bacterial properties, which prevent biological growth throughout the purification process. While reviews on synthetic methods of CPEs used for flocculation are sparse, several recently published reviews discuss polymer flocculation of natural organic material, soluble dyes, contaminants in oil sands tailings ponds and contaminants in papermill wastewater. [1] [2] [3] [4] [5] Additional reviews elaborate the physics and dynamics of polymer flocculation mechanisms, natural cationic polymers and anionic polymers for flocculation in water treatment. [6] [7] [8] [9] In the concluding section, we discuss future directions of the field and potential novel polymers for water treatment from a polymer chemistry perspective.
CPEs are polymers with positively charged moieties and anionic counterions present on each repeating unit or a large portion of units. [10] [11] [12] Common groups of CPEs include polymers with ammonium, phosphonium and imidazolium groups. 13, 14 CPE systems exhibit physical crosslinks through electrostatic interactions, often called supramolecular interactions. Electrostatic interactions are not as strong as covalent bonds, yet they enable higher thermal transitions and better mechanical properties compared to non-ionic polymers. The tailorability of CPEs is well documented; tuning molecular weight, positively charged moiety, anionic counterion or charge density afford CPEs for various applications. 15, 16 For example, CPEs are used for water treatment, anti-microbial materials and non-viral gene delivery. Our group previously synthesized and studied ammonium-, phosphonium-, imidazoliumand zwitterion-containing polymers for non-viral gene delivery and to uncover structure−property relationships. We demonstrated multiple post-polymerization methods to modify amines, phosphines and imidazoles with alkyl halides to achieve cationic groups with tailored charge density and other properties. 13, 17, 18 These same synthetic methods tailor CPE flocculation and coagulation efficiency and are thus used for water treatment purposes.
Polymers for flocculation and coagulation in water treatment are water soluble to allow interactions with impurities. Depending on solvent and pH, the positively charged moiety and anionic counterions dissociate, thus enabling the polymer backbone to repel itself, adopting a ridged-rod conformation and allowing interactions with other negatively charged. Scheme 1 depicts the dissociation of counterions from a CPE backbone in the presence of water. The degree of the dissociation depends on the pH of the water. When CPEs are dissolved in the optimal solution pH, the salts will dissociate leaving the strongest electrolyte possible. The addition of salts to a CPE-containing solution allows screening of the charges and the polymer will adopt a random coil conformation, which is typical for non-ionic polymers.
Synthetic CPEs function as primary flocculants and secondary coagulation aids and perform better compared to inorganic salts and natural CPEs, which also serve as primary flocculants. CPEs offer stable and filterable aggregated impurities, which improve water quality and reduce production costs. Compared to inorganic salt coagulation, CPE systems result in fewer dissolved solids in the final product and require an average of 90 wt% less polymer dosage to achieve the same flocculation efficiencies. Natural CPEs offer biodegradable properties but require higher dosages compared to synthetic CPEs. Some disadvantages of synthetic CPE flocculation agents include a narrow optimal dosage range, potential toxic monomer contamination and non-biodegradability. In general, the advantages of synthetic CPE flocculation agents outweigh natural CPEs; therefore the majority of impurity flocculation in wastewater utilizes synthetic CPE flocculants. 21, 22 Freshwater and saline water are essential in industry, farming and everyday life. In 2010, the USA withdrew 355 billion gallons of water constituting 14% saline water and 86% freshwater. Thermoelectric power, irrigation and public supply are among the largest consumers of water comprising 45%, 33% and 12% usage, respectively. 23 The use of freshwater or saline water in industrial processes leads to contamination through the industrial process itself or through contaminants in nature after it is discarded. Due to new regulations, cost efficiency and environmental impacts, industry and government are moving towards purifying their wastewater for reuse. 24 Recently, Wada and Bierkens developed a new model to predict water reserves around the world until 2100 called the blue water sustainability index (B1WSI), which accounts for nonrenewable groundwater and non-sustainable water use. Depicted in Fig. 1 , total water withdrawals will continue to increase by ca 20% from now until 2100 to meet the increasing demands of our expanding population. Relying on nonrenewable water sources will lead to hindered crop production around the world.
wastewater produced from food, fuel and consumer products. 23 Depending on the type of water, e.g. freshwater or saline, and how the water was used, wastewater contaminants vary between natural material and biological growth to heavy metals and synthetic pollutants. Consequently, each wastewater type requires tailored purification steps.
The most abundant contaminant in wastewater and drinking water supplies is natural organic material (NOM). NOMs are present in water reservoirs and wells, which are the most common storage methods for drinking water. They are either aquagenic, originating from water, or pedogenic, originating from soil. Geological and ecological systems combined with weather patterns, such as floods and droughts, govern the types of NOMs present in water sources. Typical sources of NOM include decaying plants, plant trimmings and animal manure, which leach organic materials such as biopolymers, carbohydrates and proteins. 26, 27 Removal of NOMs prevent unfavorable water properties, such as odor and color, the presence of heavy metals that travel with NOM, and increased probability of biological growth. 1, 28 The most effective method of purification depends on the quantity and quality of NOMs in contaminated water. Flocculation, sedimentation and sand filtration of contaminated water offer an economically conscious method of NOM and other impurity removal.
Treated blackwater/sludge water or raw sewage provides another reusable water source used for irrigation, industrial cooling towers and toilet water. Sewage wastewater is separated into two groups: greywater contains water from sinks, showers, kitchen and laundry applications, whereas blackwater refers to flushed toilet water containing feces, urine and toilet paper. 29 People around the world produce billions of gallons of sewage wastewater daily and most towns and cities have multiple sewage treatment facilities. Blackwater comprises less volume in sewage wastewater but poses the highest health risk and therefore requires more complex and stringent purification methods such as anaerobic treatment systems and UV light sterilization to eliminate pathogens. Greywater constitutes 70% of sewage water and is the most promising for purification and reuse. Constructed wetlands store and decontaminate greywater providing high capacity and method simplicity while producing water for industrial processes. Local sewage treatment plants commonly resupply lakes and rivers with decontaminated water from nearby wetlands and sell or donate solid organic material to farmers for fertilizers. 30, 31 Wastewater from textile industries represents one of the most difficult types of water to purify. The complexity of compounds in textiles such as dyes, heavy metals, dispersing agents and surfactants complicates treatment methodology and requires a multi-step purification process. Soluble dyes contain carcinogenic material and heavy metals, which are problematic for environmental, human, animal and aquatic life health. Dyes also add color to surface water, which disrupts the biosphere by preventing light from entering underlying soil. 6, 32 Currently, nanofiltration is predominately used to remove soluble dyes but this method lacks anti-fouling capabilities. To reduce the risk of biological growth during the purification process, additives such as cationic, anionic or natural polymers are required in the flocculation process.
2 Due to the complicated processes associated with treating this specific wastewater, textile industries treat wastewater in-house for other industrial processes.
The paper-making process produces an estimated 20 000−60 000 gallons of wastewater per ton of final product with pollutants ranging from biomolecules to organic solvents. 33 The process begins with the removal of dirt and debris from wood pulp, which is subsequently boiled and washed for bleaching. After the pulp bleaching and a series of treatments using inorganic dyes and organic compounds, manipulation of the processed pulp through molds and wires creates the final paper product. 4 Wastewater pollutants from this process cause water discoloration, promote slime growth and have toxic effects on local aquatic life. Due to government regulations, wastewater from pulp and paper-making processes must meet certain standards before water is released into the environment. CPEs do not function as primary flocculation agents but serve as secondary or tertiary coagulants to remove organic materials and inorganic dyes in papermill wastewater. 34 Wastewater from mining represents another challenge for water purification. Specifically, kaolin clay is a major contaminant in mining wastewater, and bitumen extraction produces wastewater called oil sands tailings. Kaolin clay originates from the mineral kaolinite, which is abundant near mining sites. Kaolin clay suspensions have turbidities of 360 nephelometric turbidity units (NTU), a pH of 5 in solution on average, and contain mostly negatively charged particles. These properties enable CPEs to effectively flocculate kaolin clay particles and remove them from the treated water system. 35 Canada has 141 000 km 2 of bitumen reserves, which is equivalent to 177 billion barrels of crude oil after harvesting. Hot water, 2.5 m 3 per barrel of bitumen, separates the bitumen from sand and other oils present in the reserves. After 90% of bitumen extraction, millions of gallons of wastewater containing fine clay suspensions remain. Polyacrylamide (PAM) and cationic polyacrylamide (CPAM) flocculate the fine clay suspensions to recover and reuse wastewater from oil sands tailings. 3 While the four types of contaminated waters described are flocculated and subsequently discarded or repurposed, CPEs are also used for harvesting microalgae, an important source for biodiesel, oils and other biological materials. 36 Biodiesel is a renewable energy source that serves as a replacement for fossil fuels, but the current harvesting process is expensive and commercially impractical. Ferric, magnesium and calcium salts provide flocculation of microalgae as an alternative chemical flocculation process, but only when used in significant bulk. CPEs flocculate microalgae cultured in freshwater with a lower dosage and create more stable aggregated cells. Salts present in marine microalgae harvesting inhibit CPE flocculation due to charge screening and thus do not successfully aggregate the microalgae cells. CPEs flocculate microalgae effectively because the algae have negative surface charges. After screening CPEs to ensure they are not toxic to the microalgae, harvesting with CPE flocculation currently uses little energy and is time efficient compared to conventional methods. 37, 38 
FLOCCULATION AND COAGULATION MECHANISMS
Flocculation and coagulation are similar processes but differ in the aggregation mechanisms. 39 Flocculation occurs when a polymer adsorbs to multiple particle surfaces and therefore aggregates the material. 40 The resulting aggregates are commonly called flocs. A change in temperature, pH or charge enables coagulation where particles aggregate together. [41] [42] [43] A review by Bolto and Gregory
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www.soci.org EM Wilts, J Herzberger, TE Long weight (>10 7 g mol −1 ) CPEs adsorb to the surface of several particles, which binds the particles together through electrostatic forces and leads to the formation of a floc. 42 Figure 2 (A) depicts an example of polymer bridging where two CPE chains interact with three particles and cause aggregation. This type of flocculation requires an optimal dose of CPE within a certain charge density range to achieve the highest flocculation efficiency (FE). For example, Fig. 2(B) depicts an effect called restabilization, which occurs when there is an excess of positively charged species (e.g. CPEs) in the system over negatively charged sites on the particles preventing the CPE from binding multiple particles. Successful CPE flocculation through polymer bridging depends strongly on molecular weight and dosage. 6, 44 An alternative coagulation mechanism is charge neutralization, the primary mechanism of low molecular weight and high charge density CPEs. Figure 2 (C) depicts charge neutralization where CPEs bind with negatively charged particles thus neutralizing the total charge of the system. This mechanism limits the repulsion between negatively charged particles allowing coagulation. Figure 2 (D) depicts an electrostatic patch, a type of charge neutralization in which the CPE acts as a patch on the particle surface, limiting repulsion between particles. An electrostatic patch differs from general charge neutralization because it applies an overall charge neutralization of the particle, but negatively charged sites remain due to the small surface area coverage of the CPE. This enables other particles to absorb to the patches, thus increasing FE. The zeta potential of the wastewater and flocculation agent solution confirms if charge neutralization is occurring. A zeta potential of around 0 ± 0.1 mV implies a neutral solution, which indicates that the cationic groups neutralized the anionic particles thus enabling them to coagulate. 6, 45, 46 Molecular weight and charge density are essential factors in polymer bridging and charge neutralization flocculation mechanisms. 47 Forming stable flocs from polymer bridging requires molecular weights over 1 × 10 6 g mol −1 . 48 This molecular weight range allows the polymer chains to bind to multiple particles. Researchers studied polymers with different architectures, e.g. linear versus graft polymers, to compare effects on particle flocculation. Another determining factor is the charge density of the CPE where a range of 10%−30% charge density enables binding while preventing particle restabilization. Charge densities above 30% not only cause restabilization but also have potential to start repelling particles. This range is also important because of the complex composition of wastewater where particles are neutral and positively and negatively charged. 6, 49 Many other factors affect floc formation such as the pH of the wastewater and the hydrophobicity/hydrophilicity of the CPE. As discussed previously, CPEs dissociate depending on the pH of the system, thus producing a stronger or weaker electrolyte solution. Stronger electrolytes contain more potential to bind particles, thus creating denser and more stable flocs. Other factors include the order and speed of addition of the CPE into the wastewater and the particle size of impurities. 50 Flocculation and coagulation agents play a role in the typical water purification process, depicted in Fig. 3 . The process begins at step A where a coagulation or flocculation agent enters the contaminated water system. The contaminated water and coagulation agent rapidly mix until coagulation occurs.
Step B involves slow mixing where the aggregated particles form flocs. This mixture moves to a sedimentation tank, step C, where the flocs settle to the bottom of the tank and the water is syphoned off the top. At step D a filtering system separates the purified water from flocs or other unwanted particles. The process ends at step E, where the purified water is disinfected and stored for later use. 25 This process provides the optimal conditions to remove as much undesired material as possible. 51 For different types of contaminated waters, industries may add additional steps, not included in the figure, to remove specialized impurities.
49,52

CHARACTERIZATION
Molecular weight and charge density are the most important properties of CPEs for flocculation in wastewater treatment, as discussed previously. Determining the molecular weight of CPEs remains challenging due to the ionic charges. Scientists have measured molecular weight using intrinsic viscosity and light scattering. Alternatively, SEC measures relative molecular weights where aqueous SEC is the most popular. However, SEC is challenging because of electrostatic interactions that affect the hydrodynamic radius of the polyelectrolyte. 53 Because SEC measures molecular weight by separating polymers based on hydrodynamic radii in concert with reference materials, the absolute molecular weight cannot be determined with this method alone. 54 In a study of ultra-high molecular weight cationic polyacrylamide (10 8 -10 9 g mol −1 ), Woo et al. employed field-flow fractionation, multi-angle laser light scattering (MALLS) and differential refractive index to determine molecular weight. In this case, SEC was not used because of the lack of columns with the appropriate pore sizes to measure ultra-high molecular weight polymers. 55 Our group previously used a combination of aqueous SEC and MALLS to determine the absolute molecular weight of 12,12-and 6,12-ammonium-based polyelectrolytes. The development of an aqueous SEC mobile phase avoided electrostatic interactions and aggregation. A combination of water/methanol/acetic acid, 54/23/23 v/v/v, and 0.54 mol L −1 sodium acetate with a pH of 4.0 served as a SEC solvent which not only prevented aggregates but also delivered reproducible molecular weight data. The charge density of CPEs is an important property for flocculation and coagulation, 57 and different post-polymerization modification methods or the choice of monomer controls charge density. 58 For example, synthesizing copolymers with one charged and one neutral monomer controls charge density depending on the monomer ratio. Post-polymerization modification also affords a controlled charge density. For example, Allen et al. polymerized poly(1-vinylimidizole) and subsequently quaternized the imidazole units with 2-bromoethanol to control charge density and its effect on DNA binding for non-viral gene delivery. 59 A technique called colloid titration is the most accepted method to determine the charge density of CPEs. 6 This technique is based on the stoichiometric interactions between CPEs and oppositely charged materials. Kam and Gregory established the method and used an anionic polyelectrolyte, potassium polyvinyl sulfate, and three types of end-point detectors to perform a colloid titration. Two methods involved the visual and spectrophotometric determination of the color change induced by a cationic dye, o-toluidine blue. The third method used a streaming current detector to monitor electrokinetic detection of charge neutralization. At lower charge density (below 10%), visual indication of color change was deemed unreliable, but the other two methods were in agreement for charge density determination across all ranges. 60 Before testing FE, a standard mixing floc-forming apparatus and procedure called a jar test ensures reproducible stirring conditions. A jar test contains several beakers and mixes the wastewater and flocculation agent together at two different speeds, e.g. 120 and 40 rpm, which closely resemble flocculation procedures in treatment plants. 61 To evaluate FE after this process, researchers employ multiple methods such as dewatering, turbidity and remaining solids depending on the contaminant.
Polyacrylamides and copolymers CPAM and PAM copolymers (Fig. 4) serve as effective flocculation agents and coagulant aids owing to their water solubility, low cost and high molecular weight (Table 1) . [62] [63] [64] [65] [66] CPAM consists of neutral PAM segments and segments containing charged ammonium moieties. 67 PAM is also a common polymer used for flocculation because it is non-toxic to humans, animals and plants; however, residual monomer in PAM and CPAM may raise environmental concerns. PAM acts as a flocculation agent alone and interacts with wastewater impurities via hydrogen bonding; it undergoes thermal, mechanical and chemical degradation through the reactive amide moiety. These intermolecular forces also enable interactions with iron, calcium, aluminium and titanium salts, which when combined form effective flocculation composites. [68] [69] [70] Huang et al. demonstrated that the addition of PAM to polytitanium sulfate improved both floc strength and recovery ability in humic acid−kaolin water treatment. 71 Lee et al. studied the effect of a PAM−CaCl 2 hybrid polymer on flocculating kaolin clay where the system achieved >98% turbidity removal. 35 Free radical polymerization of acrylamide yields high molecular weight PAM. Industrially, nitrile hydratase hydrolyzes nitriles to afford acrylamide. Radical polymerization of acrylamide and a positively charged vinyl monomer yields CPAM. Common comonomers include acryloyloxyethyltrimethylammonium chloride (PDAC) and methacryloxyethyltrimethylammonium chloride (PDMC). Scheme 2 depicts the synthesis of PDAC or PDMC type monomers where trans-esterification of a short-chain alkyl acrylate and a tertiary amine-containing alcohol produces dialkylaminoacrylate. A quaternization reaction between an alkyl halide and dialkylaminoacrylate affords a cationically charged vinyl-type monomer. 72 The order of addition and the monomer concentration yield polymers with different sequence distributions and different charge densities. In this section we focus on the synthesis of PAMs and CPAMs used and tested for flocculation and coagulation aids. 8 Lee et al. demonstrated another method of synthesizing cationic ammonium-containing monomers with tunable R groups. Depicted in Scheme 3, the nucleophilic primary amine in acrylamide attacks the sterically hindered epoxy ring in epichlorohydrin to produce 3-acrylamido-isopropanol chloride. Next, the alkyl tertiary amine, hexyl, octyl or dodecyl in www.soci.org EM Wilts, J Herzberger, TE Long this study, undergoes nucleophilic substitution to create a vinyl ammonium-containing monomer. Free radical polymerization yields high molecular weight CPAM with varying hydrophobic nature depending on the ammonium alkyl chains. 73 In this study, PAM-co-poly(3-acrylamido-2-hydroxypropyltrihexylammonium) chloride (PAHPTAHC) with 1 mol% PAHPTAHC removed 99% turbidity of a kaolin clay suspension and performed better than the octyl and dodecyl analogs. As the molar percentage of hydrophobic monomer increased in the polymerization, the molecular weight decreased because of decreased solubility in the aqueous polymerization medium. PAHPTAHC contained the least hydrophobic character and therefore achieved the highest molecular weight. The authors hypothesize that the higher molecular weight achieved higher flocculation because of greater potential to bridge particles together. 74 Recently, researchers have discovered an increase in FE through grafting PAM and CPAM to natural polymers such as starch, carboxymethyl guar gum, hydroxypropyl methyl cellulose and dextrin. [75] [76] [77] [78] [79] [80] [81] [82] [83] Banerjee et al. 75 grafted PAM to starch using microwave irradiation and cerium ammonium nitrate (CAN) to selectively initiate the C 5 primary alcohol on starch (Scheme 4). Using CAN without microwave irradiation results in free radical formation at the C 2 and C 3 diol because of the increased localized electron density. When exposed to a high energy state from microwave radiation, the exothermic route, initiation at the C 2 and C 3 diol is not preferred. The strongly electrophilic Ce(IV) ion selectively creates a free radical on the primary alcohol leading to a potential initiation site for vinyl monomers. This study examined microalgae recovery in a pH range from 4 to 10.5. They determined higher degrees of grafting and a pH of 10.5 resulted in the highest microalgae recovery of 86%. 75 Pal et al. synthesized PAM grafted to dextrin also using microwave irradiation and potassium persulfate to generate free radicals. They reported that polar groups, e.g. hydroxy moieties on the dextrin backbone, absorbed the microwaves which consequently severed the bonds and created free radicals. They also confirmed that varying molecular weight and grafting percentages leads to increased floc settling velocity compared with commercially available systems. 76 Ternary polymer systems with PAM also function as effective flocculation agents. 84 Sakohara et al. studied thermosensitive ternary CPEs with N-isopropylacrylamide, N,N-dimethylaminopropyl acrylamide and N-tert-butylacrylamide as a hydrophobic component to control lower critical solution temperatures and study its effect on flocculating kaolin clay particles. 85, 86 In another ternary system Yang et al. discovered that a copolymer of PAM, poly(diallyldimethylammonium chloride) (PDADMAC), and poly(butyl acrylate) (PBA) achieved a 93.4% FE at 50 mg L −1 of oil wastewater. 87 Ma et al. 88 added a hydrophobic monomer to PAM-co-PDADMAC to study the effects on flocculation of high turbidity kaolin suspension. UV light initiation polymerized the triblock copolymer of PAM, PDADMAC and coconut diethanolamide (CDEA), depicted in Scheme 5. Fourier transform IR (FTIR) spectroscopy, 1 H NMR spectroscopy and SEM confirmed the polymer structure and an amorphous morphology of the formed flocs. The three different ratios of PAM:PDADMAC:CDEA all performed better than the control, CPAM. The best performer, 1:1:0.05 PAM:PDADMAC:CDEA, yielded a transmittance of 82.12%−86.64% at a dosage of 1.5 mg L −1 across a pH range of 2−10. 88 Zhu et al. 89 studied a ternary copolymer system of PAM, PDMC and PDAC and its effect on sludge dewatering. This system achieved 63.5% dewatering at a pH of 7.0. 89 PAM and PDADMAC are also used as co-flocculants, which increases FE in pulp and papermill wastewater. 90 The sequence distribution of CPAM and comonomers influences FE. Chen and colleagues 94 authors used UV light irradiation to synthesize blocky copolymers. The motivation to obtain a blocky structure stems from the idea that a more concentrated charge density flocculates particles better compared to other copolymer distributions. 91 Others also studied microblock structures for flocculants using a copolymer of PAM and poly(methacrylamidopropyltrimethyl) ammonium chloride and reported similar dewatering effects. 92, 93 To evaluate FE, Chen et al. 94 used the filter cake moisture content to characterize the sludge state and the specific resistance of filtration to evaluate sludge filtration performance. Compared to random copolymers, the microblock, cationic structures improved dewatering properties because of their increased charge neutralization and bridging properties. 94, 95 Li et al. 93 also studied microblock CPAM structures in flocculating sludge water. Figure 5 depicts sludge water before and after treatment with CPAM. Ammonium-based polymers Ammonium-based polymers (Fig. 4) contain a quaternized nitrogen atom, called an ammonium moiety, in a side chain or main chain of the polymer. Quaternization of a tertiary amine by an alkyl halide creates ammonium moieties, which have the basic structure NR 4 + , where R is usually an alkyl group. Depending on the alkyl www.soci.org EM Wilts, J Herzberger, TE Long halide chosen to quaternize the system, the polymer will have different properties. For example, ammonium-based polymers bearing alkyl chains are used as disinfectants or anti-microbial materials and are more hydrophobic. Ammonium moieties are stable when in contact with acids, oxidants, electrophiles and most nucleophiles. Ammonium-based polymers and PAM also form successful flocs with sludge wastewater and NOM, as discussed in the previous section (Table 1) . Isik et al. 27 performed anion exchanges to afford poly(ionic liquid) nanoparticles for potential flocculants. The authors investigated three polymer systems, poly(1-vinyl-3-ethyl imidazolium bromide), poly(diallyldimethylammonium chloride) and poly(allylamine hydrochloride), partially exchanged with 1−10 mol% lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) over different molecular weights. As incorporation of LiTFSI increases, the relative size of the self-assembled nanoparticles increases. 27 Calculation of total suspended solids removed determined the FE of the partially exchanged polymers mixed at 9 rpm with waterborne silica dispersions. The cationic portion of the polymer extends outward into the water because of its inherent hydrophilicity, which disrupts colloidal silica dispersions. This process also involves charge neutralization of the polymer, which further aids the system FE. The system with the highest total suspended solids removed was poly(allylamine hydrochloride) with 5% LiTFSI exchanged and a molecular weight of 120 000 g mol −1 .
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In another example of ammonium-based flocculants, Dharani and Balasubramanian 28 demonstrated the effectiveness of flocculating microalgae with a PDMC and poly(4-methacryloyl 1-cyclopentyl) piperazinium chloride (PMACPPC) grafted to acryloyl chitosan. The synthesis of 4-methacryloyl 1-cyclopentyl piperazinium chloride begins with the quantization and functionalization of N-cyclopentyl piperazine with methacroyloyl chloride. The synthesis of functionalized chitosan starts with mixing chitosan powder and methane sulfonic acid and subsequent stirring with acryloyl chloride. Free radical polymerization enables a random copolymer of PDMC and PMACPPC to graft onto the functionalized chitosan. 28 To determine the FE of acryloyl chitosan-graft-(PDMC-co-PMACPPC), the authors harvested Chlorella vulgaris microalgae and combined the graft and homopolymers in concentrations from 20 to 100 ppm. The best performing combination had an FE of 70% and 71% with 20 ppm and 100 ppm of acryloyl chitosan-graft-(PDMC-co-PMACPPC), respectively. The authors hypothesize that the high molecular weight of the graft polymers plays an important role in the FE. 28 Zhang et al. 96 synthesized PDMC grafted to colloidal silica particles using a grafting-from method, depicted in Scheme 6. The synthesis begins with an azo initiator, 4,4-azobis(4-cyanopentanoic acid)-(3-hydridodiethylsilyl), which attaches to the surface of the silica particles. Next, PDAC is grafted from the particle in situ. Colloidal titration and aqueous SEC determined the charge density and molecular weight of the system while TEM captured the size and shape of the brush polymer. Zeta potential, relative turbidity, dynamic drainage jar, focused beam reflectance measurements and field emission SEM collectively determined the FE of eucalyptus kraft pulp and kaolin particles. The graft polymer sustained a higher FE than the linear PDMC control and flocculated according to the polymer bridging mechanism.
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Poly(diallyldimethylammonium chloride) PDADMAC (Fig. 4) acts as an effective flocculation agent because of its water solubility, high charge density and high molecular weight ( Table 2) . It is also considered non-toxic and does not produce harmful byproducts in the presence of chlorine, which enables its use in drinking water purification. [97] [98] [99] PDADMAC effectively flocculates particles such as clay, microalgae and bacteria. [100] [101] [102] Aside from homopolymers and copolymers of PDADMAC, which are discussed in this section, it is important to mention flocculation agents made from PDADMAC composites. 103, 104 For example Li et al. combined poly(aluminium chloride) and PDADMAC to flocculate sludge wastewater impurities. Figure 6 depicts photomicrographs at 200× magnification revealing dense flocs after treatment with the PDADMAC composite. 105 Free radical polymerization of DADMAC and a substituted peroxide or persulfate as an initiator yields cis and trans isomers of PDADMAC at medium molecular weight ranges (10 5 −10 6 g mol −1 ). Polymerization of DADMAC affords N-substituted piperidine and N-substituted pyrrolidine depicted in Scheme 7, where the N-substituted pyrrolidine is sterically favored. The polymerization begins when the initiator produces a free radical on either C 2 allyl carbon. Next, cyclization occurs between the free radical and the opposing C 1 or C 2 allyl carbons, resulting in a six-membered or five-membered ring, respectively. Carefully controlled temperature, pressure and monomer concentration produce linear PDADMAC chains while avoiding crosslinking, which results in an insoluble product. Wilson and colleagues describe a custom reaction vessel with four inlets consisting of initiator funnel, water funnel, condenser with a vacuum attachment and thermometer to control the vessel conditions of the exothermic reaction. 21, 106 Grafting PDADMAC to natural polymers is a popular trend because of the increased molecular weight of the system and potential biodegradability, which helps FE and produces less waste. Anthony and Sims 107 synthesized chitosan-graft-PDADMAC to improve flocculation and the harvesting efficiency of microalgae. The synthesis begins with two separate vessels, one containing natural chitosan and the other containing PDADMAC. The addition of ceric ammonium nitrate to both vessels initiates the formation of free radicals, which will later enable the attachment of the PDADMAC. When these two systems are combined, the radicals form a bond thus creating chitosan-graft-PDADMAC using the grafting-to method. To measure FE, the authors used wastewater from Logan city, Utah, facultative lagoons. A concentration of 10%−20% graft polymer relative to the weight of microalgae removed 50%−60% solids. An increased polymer dosage resulted in the overall charge of the system becoming positive, which destabilized the flocculated particles. The authors compared this value to homopolymers of PDADMAC and chitosan, which both removed less microalgae at higher concentrations than the chitosan-graft-PDADMAC. 107 Lv et al. 108 demonstrated another example of PDADMAC grafted to a natural polymer where PDADMAC is grafted to starch using horseradish peroxidase and H 2 O 2 initiation. The authors first used enzymes to degrade starch to yield a water-soluble backbone for the graft copolymer, which also controlled the flocculation mechanism of the final system. Higher molecular weight starches, over 10 5 g mol −1 , resulted in polymer bridging while lower molecular weight starches resulted in charge neutralization. This type of initiation creates a radical on either the primary or secondary alcohol moieties on the starch backbone, which subsequently polymerizes DADMAC from the free radical sites. The authors used FTIR, 1 H and 13 C NMR spectroscopy, SEC, graft percentage and graft efficiency to characterize the polymer. Figure 7 shows a SEM image of flocs formed from the graft copolymer system and sludge water and a depiction of the flocculation process on the molecular level. Turbidity removal wileyonlinelibrary.com/journal/pi ratio measurements compared the FE of each system while surface tension and zeta potential elucidated flocculation mechanisms. Copolymers containing varying amounts of PDADMAC provided a decrease in sludge water content from 50.6% to 97.9%. 108 Copolymers of PDADMAC and non-ionic comonomers demonstrate effective flocculation of impurities in sludge and bentonite contaminated water, which contain a broad particle size distribution. Abdiyev et al. 109 synthesized copolymers of PDADMAC and N,N-dimethylacrylamide (Fig. 8) in varying concentrations and measured the effect on intrinsic viscosity, FE and zeta potential. The authors reported an improvement of zeta potential, closer to zero, compared to the PDADMAC homopolymer and achieved these FEs at a lower polymer dosage. Because of the low zeta potential reading of the water, the main mechanism of flocculation is charge neutralization. The authors also hypothesize that the slightly hydrophobic N,N-dimethylacrylamide monomer plays an important role in the ability of the system to flocculate a wide size and chemical composition range of particles.
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Epichlorohydrin/dimethylamine-based CPEs
Polycondensation with epichlorohydrin and a secondary or primary amine affords epichlorohydrin/dimethylamine-based (EPI-DMA) polymers (Fig. 4) . Polycondensation reactions occur between telechelic monomers, which produce a condensate. Depicted in Scheme 8, in this process the nucleophilic amine attacks the least sterically hindered and electrophilic -carbon in the epoxy ring. The epoxy ring then closes with Cl − as a leaving group. The amine attacks the epoxy ring again, which grows the polymer chain while creating ammonium groups in the backbone. Typically, polycondensation does not yield high molecular weight polymers compared to polymers synthesized from free radical polymerization. This reaction creates low molecular weight polymers with quaternary ammonium moieties in the polymer backbone. 6, 110 Structural changes of the diamine monomer or copolymerizing with different diamine monomers enable charge density tunability. Flocculation agents made with EPI-DMA-based polymers usually use an amine crosslinker to increase FE and isolate impurities, commonly soluble or reactive dyes from textile industies. 111 Because these systems are commonly crosslinked, conventional chemical structure confirmation techniques, such as 1 H and 13 C NMR spectroscopy, are not used. Intrinsic viscosity and FTIR spectroscopy often confirm the chemical structures of these crosslinked systems. Other common flocculation agents for removing dyes from wastewater include inorganic salts such as ferric, aluminium and magnesium salts. Low cost and reduced sludge production deem synthetic polymers the ideal choice for purification of dye-contaminated wastewater (Table 2) .
Grafting ammonium-containing side groups to natural polymers provides effective flocculation properties. 83 Ghimici and Nichifor 112 synthesized N-alkyl-N,N-dimethyl-N-(2-hydroxypropyl) ammonium chloride grafted to dextrin and evaluated the FE with respect to varying alkyl chain length, molecular weight and charge density. The synthesis begins with a condensation reaction between epichlorohydrin, N,N-dimethyl-N-alkylamine and dextrin where the reaction conditions afforded ammonium moieties, depicted in Scheme 9. The systematic investigation of the length of alkyl chain dependence on FE revealed an increase in FE from the ethyl to butyl chain but a decrease from octyl to dodecyl. The authors hypothesize that electrostatic and hydrophobic interactions both contribute to flocculation of the clay suspensions. They also observed an increase in efficiency with increased wileyonlinelibrary.com/journal/pi charge density but molecular weight did not show a difference. 112 In another example of grafting ammonium-containing side chains to natural polymers, Song et al. 113 synthesized 3-chloro-2-hydroxypropyl-trimethylammonium chloride (CHPTAC) grafted to cellulose. CHPTAC undergoes an epoxy-forming reaction in the presence of H 2 O and NaOH, which is then subsequently reacted with cellulose under basic conditions to form cellulose-graft-2-hydroxypropyl-trimethylammonium chloride at degrees of substitution of 0.38, 0.50 and 0.74. The graft polymers achieved a 93% color removal of reactive dyes. The authors also examined antimicrobial properties against Escherichia coli and Staphylococcus aureus and discovered that the polymer prevents growth of both bacteria species. 113 Wang et al. 61 studied the removal of disperse and reactive dyes from wastewater with a modified EPI-DMA copolymer. The polycondensation reaction occurred with epichlorohydrin, dimethylamine and diaminoethane to yield a CPE copolymer with varying intrinsic viscosity, crosslinking and charge density. To measure FE, the authors compared turbidity and dye removal paired with zeta potential and compared the results with polyaluminium chloride and polyaluminium chloride/EPI-DMA controls. The authors also monitored dye and turbidity removal with addition of 0−3000 mg L −1 NaCl to observe the effects of increased www.soci.org EM Wilts, J Herzberger, TE Long ionic strength of the wastewater. They noticed a negligible effect on the FE of the disperse dye and a negative effect on the reactive dye. The best performing EPI-DMA system with intrinsic viscosity of 3200 mPa s removed 96% dye and 96% turbidity over a pH range of 2−10, which proved more effective than both controls EPI-DMA or polyaluminium chloride alone. 61 Gupta et al. 114 studied the removal of azo dyes from wastewater using a EPI-DMA copolymer. Epichlorohydrin, dimethylamine and N,N-diisopropylamine (EPI-DMA-DIPA) formed a crosslinked copolymer via polycondensation. FTIR, TGA and XRD confirmed the structure of the charged copolymer. The copolymer was combined with an azo dye at different pH values and mixed rapidly. After the flocs formed and settled, the authors used SEM and light microscopy ( Fig. 9) to observe the morphological changes between the dye by itself and floc formation. The optimum pH range for this system is 4−10 and the optimal dosage is 80 mg L −1 . The authors also determined that these ranges enable the polymer system to flocculate via polymer bridging and charge neutralization. 114 EPI-DMA polymers are also commonly paired with polyferric chloride to create a composite flocculation system. [115] [116] [117] Yang et al. 116 examined an EPI-DMA and polyferric chloride composite on its FE of a reactive dye suspension. They concluded that this composite exhibited an increase in flocculation from zeta potential experiments. The authors also monitored the amorphous floc structure, which depicted connected sheet-like structures. 
Other
Other CPEs used for flocculation and coagulation of contaminants in wastewater include zwitterionic, amphoteric, degradable, imidazole-containing and pyridinium-containing polymer systems (Table 2) . Zwitterionic polymers contain positive and negative charges, which provide the opportunity to interact with positively and negatively charged contaminants. Amphoteric polymers become positively or negatively charged or neutral depending on pH and hydrolytically degradable polymer flocculants provide high FEs paired with the biodegradability found in natural polymer flocculants. Imidazole-containing and pyridinium-containing CPEs offer alternative cationically charged groups with potentially different flocculation properties.
Although zwitterions are unconventional CPEs, some systems prove successful in the flocculation of contaminants in wastewater. Xu et al. 118 synthesized a copolymer of PAM, PDCM and sodium acrylate to create a PAM-zwitterionic species for flocculation. A viscometer measured the intrinsic viscosity and a spectrophotometer determined the FE of mining wastewater. This polymer structure and sequence takes into account the presence of cationic and anionic charged particles in the wastewater and therefore can flocculate each species. The results proved that the novel polymer has FEs comparable to CPAM at a pH of 6.5.
118
Amphoteric polymers provide successful flocculation capabilities and experience anionic or cationic charges depending on the pH of the system. Yang et al. 119 investigated modified chitosan on the flocculation of kaolin suspensions. The two-step synthesis began with nucleophilic substitution of 3-chloro-2-hydroxypropyl trimethylammonium chloride onto a chitosan backbone followed by the addition of monochloroacetic acid to produce 3-chloro-2-hydroxypropyl trimethylammonium chloride modified carboxymethyl chitosan (CMC-CTA). Depicted in Fig. 10 , as the pH shifts from 2 to 10, the polymer transitions from cationically charged to neutral to anionically charged. At a pH of 4 and 0.1 mg L −1 of polymer dosage, CMC-CTA achieved 99%
transmittance through the supernatant fluid. At a pH of 4, the polymer is mostly cationic, which enables electrostatic interactions with negatively charged kaolin suspension particles. 119 In another example, Jiang et al. 120 synthesized a modified -cyclodextrin ( -CD) and PDAC copolymer and measured the FE of soluble dyes. Esterification of maleic anhydride and -CD yielded polymerizable vinyl carboxylic acid groups, which were subsequently polymerized with PDAC. Figure 10 depicts Pyridine-containing and pH responsive CPE flocculants deliver high harvesting efficiencies of microalgae. Kan et al. synthesized poly(4-vinylpyridine) grafted to cellulose nanocrystals (CNC) (P4VP-g-CNC) through CAN and HNO 3 initiation. They proved that the pyridine moiety is positively charged below a pH of 5 and neutral and hydrophobic above pH 5, which functions as a pH responsive flocculant. 123 Vandamme et al. grafted pyridinium-containing side groups onto CNCs (Fig. 11) , which they harvested from cotton wool through hydrolysis with sulfuric acid. 124 In a one-pot reaction, p-toluenesulfonyl chloride activated the esterification of bromoalkyl benzoic acid with the primary and secondary hydroxyls on the CNC backbone. In the same reaction vessel, the pyridine nucleophilically attacked the alkyl bromide to afford a pyridinium cation. 125 Pyridinium-containing 4-(bromomethyl)benzoic acid-graft-CNCs ((Br)(PyBnOO)-g-CNCs) and pyridinium-containing 4-(bromoethyl)benzoic acid-graft-CNCs ((Br)(PyMeBnOO)-g-CNCs) flocculated microalgae at 89% and 97% respectively. The authors hypothesize that the higher molar percentage of cation groups increased the FE of (Br)(PyMeBnOO)-g-CNCs. 124 In another structurally similar example, Eyley et al. 126 synthesized pH responsive, imidazole-containing side groups on CNCs for microalgae flocculation (Fig. 11) . The authors synthesized the graft polymer using the same route as Vandamme et al. 124 but supplemented the pyridine with imidazole to produce a neutral, pH responsive polymer. At a pH of 4.0, the polymer became positively charged and flocculated 90% of microalgae at 200 mg L −1 .
126
TOXICITY AND EFFECT ON THE ENVIRONMENT
Most CPEs are acutely toxic to humans, animals and aquatic fauna and flora where toxic levels range from 0.1 to 1 mg L −1 .
127-130
Fortunately, the level of contamination in sewage, sludge and surface water ranges from nanograms per liter to micrograms per liter, but considering CPEs are popular in the water treatment process it is still important to understand their toxicity and impact on the environment. 131, 132 During the water treatment process, it is possible that small amounts of CPEs are present in the final product, which enables exposure to the environment. Previously, wileyonlinelibrary.com/journal/pi 126 ) and pyridinium moieties (Br)(PyBnOO)-g-CNCs) (right) (adpated from Vandamme et al. 124 ).
studies showed an average of 90% CPE removal from treated wastewater through sorption or anaerobic biodegradation. 133, 134 Some effective methods of detecting CPEs in the environment include HPLC, gas chromatography, mass spectrometry and HPLC paired with tandem mass spectrometry. 134 It is well known that CPEs are acutely toxic but studies exploring chemical modifications such as charge density, molecular weight, architecture and functionality and their effect on toxicity are lacking. 135 Costa et al. compared the ecotoxicity of two CPAM systems with different degrees of branching. This study concluded that the more highly branched CPAM was significantly less toxic because of its hydrodynamic volume. Because the branched CPAM had a smaller hydrodynamic volume and aggregated more, it had less contact with biological surfaces thus decreasing its toxicity. The authors conclude that it is possible to use intrinsic viscosity to determine relative hydrodynamic volume to estimate toxicity. 136 Fischer et al. investigated CPE cytotoxicity comparing molecular weight and charge density and found that cell death occurred when the polyelectrolytes had the most opportunity to interact with the cell membrane. The specific molecular weights and charge density to reach a toxic level depended on the polymer system and how it was oriented.
137
CONCLUSIONS AND FUTURE DIRECTIONS
In this review we have discussed recent advances in CPE synthesis with respect to their role in flocculation and coagulation for water treatment. We have highlighted CPEs including PAM, CPAM, ammonium-based polymers, PDADMAC and EPI-DMA for the treatment of blackwater/sludge water, textile and mining industry wastewater and for harvesting microalgae for biodiesel. The most critical factors affecting the FEs of CPEs are molecular weight and charge density. However, different polymeric architectures and variations in charge distributions, e.g. block-like versus random polymers, also affect FEs. With increasing population and demand for water, wastewater reuse will provide an effective method of water preservation. The design of tailored CPEs to improve water purification will help to tackle this challenge of the future.
Few studies report the synthesis of non-commercially available monomers and polymers with some exceptions. 73, 124, 126 Vandamme et al. 124 and Eyley et al. 126 synthesized novel pyridinium-containing and imidazole-containing side groups grafted to CNC, which yielded a biodegradable flocculation agent for harvesting microalgae. Lee et al. 74 described novel synthetic methods of synthesizing CPAM with varying ammonium alkyl chain lengths. While commercially available monomers and polymers provide a cost efficient and convenient solution, potentially better CPE systems for flocculation and coagulation may exist. For example, poly(2-oxazoline)s are water-soluble polymers with tailorable structures and anti-fouling properties. This class of polymers provides materials for drug delivery and biomedical applications because of their low toxicity and antimicrobial properties.
wileyonlinelibrary.com/journal/pi
The tailorability of the side chain groups provides the opportunity for ammonium-based, pyridinium-based, imidazolium-based side groups and other charged moieties. Other new monomers with phosphonium, imidazolium or ammonium moieties could also function as effective flocculation agents because of their charge density tailorability and high molecular weight potential.
To date, a systematic investigation on how differences in molecular weight and polymeric architecture influence the FE of CPEs is lacking. Pal et al. discussed the effect of PAM chain length when grafted to dextrin and found that FE is dependent on this variable. 76 Razali et al. examined molecular weight and dosage dependence on the flocculation of PDADMAC. 99 The effect of molecular weight on the FE of polymers known for the flocculation of impurities along with new materials needs to be investigated. As discussed in this review, researchers frequently use graft polymers as flocculation agents for the increase in molecular weight. 75, 78 Exploring architectures such as stars, graft, branched and hyperbranched and how the molecular weight of each arm or branch affects FE would elucidate beneficial structure−property relationships. For example, the mobility of star polymers may have higher polymer bridging potential than linear analogs and an optimal molecular weight of each arm or graft also may have an effect on FE. Flocculation and coagulation of wastewater impurities using CPEs provides unrivaled flocculation capabilities of contaminants from the mining, papermill, textile and farming industries. With continuing exploration of synthetic CPEs for wastewater treatment, reuse of water will become an important strategy to save water reserves on Earth.
